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Polycyclic aromatic compounds are ubiquitous atmospheric pollutants with toxic, 
mutagenic, and carcinogenic properties. They are produced from chemical reactions of their 
parent or related compounds in the atmosphere as well as from a wide variety of 
anthropogenic sources such as fuel combustions. In this chapter, chemical reaction pathways 
for the atmospheric secondary formation of several polycyclic aromatic hydrocarbon (PAH) 
derivatives, i.e., gas-phase formation of mutagenic 1- and 2-nitrotriphenylene via OH or NO3 
radical-initiated reactions of the parent triphenylene, formation of carcinogenic 1-nitropyrene 
from heterogeneous nitration of pyrene on mineral dust aerosols, atmospheric formation of 
hydroxynitropyrenes from a photochemical reaction of 1-nitropyrene, and photochemical 
degradation of selected nitrated and oxygenated PAHs on airborne particles under simulated 
solar UV-irradiation, are addressed. 
 
Keywords: polycyclic aromatic compounds, secondary formation, photoreaction, 
heterogeneous reaction, gas-phase reaction 
 3 
3.3.1 Introduction 
Polycyclic aromatic hydrocarbons (PAHs) and their derivatives (e.g., nitrated, 
oxygenated, and hydroxylated derivatives: NPAHs, OPAHs, and OHPAHs) are ubiquitous 
atmospheric pollutants with toxic, mutagenic, and carcinogenic properties (Schuetzle, 
1983; Salmeen et al., 1984). These compounds are produced from a wide variety of 
anthropogenic sources such as the incomplete combustion of fossil fuels used in industrial 
plants, through heating, and in diesel powered vehicles (Schuetzle et al., 1982; Bamford et 
al., 2003; Bezabeh et al., 2003). NPAHs, which generally exhibit higher mutagenicity and 
carcinogenicity than their parent PAHs, are also generated from atmospheric reactions of 
PAHs released in the gas-phase with radical species such as OH and NO3 radicals and 
nitrogen oxides (Zielinska et al., 1989; Ciccioli et al., 1996; Reisen and Arey, 2005; 
Atkinson and Arey, 1994; Sasaki et al., 1997). OPAHs and OHPAHs, which may show 
biological effects beyond mutagenicity and carcinogenicity, are also known to be formed 
secondarily via oxidation of PAHs and NPAHs in the atmosphere (Cvrčková, et al., 2006; 
Warner et al., 2004). These PAH derivatives generally have lower volatility than the 
parent PAHs. As a result, they are more likely to be deposited on airborne particles, 
especially fine particles which are easily suspended into the atmosphere and can easily be 
breathed into the human body. Thus, it is necessary to understand the secondary formation 
processes of PAH derivatives in order to fully understand their effects on humans. In this 
chapter, chemical reaction pathways for the secondary formation of PAH derivatives are 
addressed. 
 
3.3.2 Formation of nitrotriphenylenes by radical-initiated 
reactions 
As described above, several types of NPAH are formed via gas-phase reactions of 
semi-volatile PAHs. For example, 2-nitropyrene (2-NP) is formed by the gas-phase 
reaction of pyrene with OH radicals in the presence of NO2, and 2-nitrofluoranthene 
(2-NFR) is formed by OH or NO3 radical-initiated reactions of fluoranthene in gas phase 
(Atkinson and Arey, 1994). Benzanthrone, which has very low vapor pressure, was also 
found to react with radical species and NO2 to yield a nitrated compound in the gas phase 
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(Phousongphouang and Arey, 2003). Nitrotriphenylenes (NTPs), which include the 
strongly mutagenic isomer 2-nitrotriphenylene (2-NTP), have been found in airborne 
particles as well (Ishii, et al., 2000; 2001; Kameda et al., 2004; Kawanaka et al., 2005). 
The possibility of the atmospheric formation of NTPs via reactions of triphenylene was 
pointed out based on seasonal and diurnal changes in the concentration of ambient NTPs 
(Ishii, et al., 2001; Kameda et al., 2004). Because the strongly mutagenic 2-NTP has been 
found in air at concentrations comparable to those of 1-nitropyrene (1-NP) and 2-NFR, 
which are the most abundant airborne NPAHs (Ishii, et al., 2000; 2001; Kameda et al., 
2004; Kawanaka et al., 2005), the contribution of 2-NTP to the mutagenicity of airborne 
particles may be significant. From the point of view of public hygiene, it is important to 
acquire more detailed data about the environmental occurrence of NTPs. Thus, the 
formation of 1-nitrotriphenylene (1-NTP) and 2-NTP by gas-phase OH or NO3 
radical-initiated reaction of triphenylene, was demonstrated using a flow reaction system 
(Kameda et al., 2006). Nitration of triphenylene with N2O5 in CCl4 was also examined in 
order to determine the isomer distributions of NTPs formed via NO3 radical-initiated 
nitration of triphenylene, and in order to predict the rate constants of the gas-phase OH or 
NO3 radical-initiated reactions of triphenylene. 
The formation of 1- and 2-NTP was clearly shown by HPLC analysis of the 
products of the gas-phase reaction of triphenylene initiated by the OH radicals. A 
2-NTP/1-NTP ratio of 1.22 was obtained for OH radical-initiated nitration. In contrast, the 
NO3 radical-initiated reaction predominantly gave 2-NTP, with traces of 1-NTP. Because 
the amount of 1-NTP formed in the NO3 radical-initiated reaction was too small to 
determine, a precise 2-NTP/1-NTP value could not be calculated and was thus assumed to 
be a value greater than 1.5. Preferential production of 2-NTP was also observed in the 
nitration of triphenylene with N2O5 in CCl4; for which the yields of 1- and 2-NTP were 6 
(2) % and 35 (2) %, respectively. It has been reported that the reactions of several kinds 
of PAH with N2O5 in CCl4 are similar in terms of nitro-isomer distribution to gas-phase 
NO3 radical-initiated nitration (Phousongphouang and Arey, 2003; Zielinska et al., 1986). 
Thus, the analogous isomer distribution of NTP (the larger yield of 2-NTP over 1-NTP) in 
the gas-phase reaction, to that in CCl4 liquid-phase nitration does not contradict previous 
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findings regarding the nitration of PAHs. The mean 2-NTP/1-NTP ratio in samples of 
airborne particles was > 1.55. This value was similar to the ratios from the radical-initiated 
reactions, and was much higher than that of the diesel exhaust particulate (DEP) samples 
(2-NTP/1-NTP = 0.37). This finding indicates that the atmospheric radical-initiated 
reactions significantly contribute to the formation of airborne NTPs, especially 2-NTP. 
The gas-phase formation of NPAHs via OH or NO3 radical-initiated reaction involves the 
addition of an OH or NO3 radical to the PAH at the carbon atom with the highest electron 
density, followed by ortho-addition of NO2. This is followed by a loss of water or nitric 
acid. For triphenylene, the carbon at the 1-position is the most electron-rich (Barker et al., 
1955; Radner, 1983); therefore, preferential formation of 2-NTP over 1-NTP is expected 




The rate constants of gas-phase reactions of triphenylene with OH and NO3 
radicals at 298 K were predicted to be (8.6 ±1.2) ×10-12 cm3molecule-1s-1 and (6.6 ±1.5) × 
10-29 [NO2] cm
3 molecule-1s-1, respectively using a relative-rate method in a CCl4 liquid 
phase-system (Kameda et al., 2013). Based on the ambient concentrations of 2-NTP and 
the rate constant obtained for the reaction of triphenylene with the radicals, the 
atmospheric loss rate of 2-NTP relative to 2-NFR (which is the most abundant NPAH and 
is also produced from radical reactions) was successfully estimated. This is to say, 2-NTP 
is less susceptible to decomposition than 2-NFR is under ambient conditions.  
 
3.3.3 Secondary formation of 1-nitropyrene promoted on 
mineral dust aerosols 
One of the most abundant NPAHs is 1-NP, which is formed through the 
combustion of fossil fuels such as coal and diesel fuel (Schuetzle, 1983; Yang et al., 2010). 
1-NP is likely a carcinogen (IARC, 2013) and can also be formed from gas-particle phase 
heterogeneous reactions (Esteve et al., 2004; Finlayson-Pitts and Pitts, 2000; Inazu et al., 
2000; Miet et al., 2009; Nguyen et al., 2009; Ramdahl et al., 1984; Wang et al., 2000). It is 
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formed by the reaction of pyrene (Py) with gaseous NO2 on various substrates such as 
graphite, as a model for soot (Esteve et al., 2004), and a variety of metal oxides, as models 
for mineral aerosols (Inazu et al., 2000; Miet et al., 2009; Ramdahl et al., 1984; Wang et 
al., 2000). However, the heterogeneous formation of atmospheric 1-NP has been 
previously thought to be negligible because the reaction rate and the yield of 1-NP through 
this process are not sufficient to account for ambient 1-NP concentration (Finlayson-Pitts 
and Pitts, 2000; Nguyen et al., 2009; Ramdahl et al., 1984; Shiraiwa et al., 2009). Previous 
studies of heterogeneous NPAH formation used simple inorganic oxides such as SiO2, 
Al2O3, and TiO2 as models of mineral dust aerosols (Inazu et al., 2000; Ma et al., 2011; 
Wang et al., 2000), but these substances lack the complexity of real mineral dust aerosols 
and thus may not be good models for investigating heterogeneous NPAH formation. 
Mineral dust is a major component of airborne particulates on a global scale  (Cwiertny et 
al., 2008). It is transported by winds from deserts or semiarid regions (Tanaka and Chiba, 
2006), which account for 40% of the total world land area (Fernández, 2002). Organic 
compounds adsorbed on the surface of mineral dust can have important health 
implications (Falkovich et al., 2004). Thus, the formation of 1-NP from Py and NO2 on 
authentic mineral dust was examined (Kameda et al., 2016).  
In the NO2 exposure experiments of particle-bound Py, degradation of Py was 
measured under 3 ppmv NO2-air in the dark. On quartz (SiO2) particles, Py was slowly 
converted to 1-NP, reaching a yield of ~40% in 12 h (Fig. 2a). On Chinese desert dust 
(CDD) particles, more than 90% of the initial amount of Py was degraded and the 
maximum yield of 1-NP was attained after a reaction time of 1 h (Fig. 2b). 1-NP was then 
gradually converted to dinitropyrenes (DNPs) (Fig. 2b). Other mononitropyrene isomers 
were not detected. Desert dust is generally composed of various minerals including quartz, 
corundum (α-Al2O3), clay minerals, carbonates, feldspars, and hematite (Fe2O3) (Usher et 
al., 2003). To determine which components contribute to rapid nitration, the percentage of 
degraded Py (DPy) and the yield of 1-NP (Y1-NP) were compared during a reaction time of 2 
h on various substrates that generally constitute desert dust. The most active components 
were natural montmorillonites, kaolin, and saponite, as well as Arizona Test Dust (ATD; 
standard test dust made from Arizona desert sand) and CDD (Table 1). In most of these 
 7 
cases, the conversion of Py to 1-NP was completed within 2 h (Table 1). DNP formation 
was observed except on saponite. Kaolin, montmorillonites A and B, and saponite are 
types of clay minerals. For the other mineral substrates, such as quartz, carbonates 
(limestone and dolomite), and feldspars; DPy and Y1-NP were less than 20%, and no DNP 
was formed during the NO2 exposure (Table 1). To quantify the rate of degradation of Py 
on each substrate, the kinetics of the heterogeneous reaction between NO2 and Py 
adsorbed on the substrates tested in this study were determined by following the 
consumption of Py as a function of NO2 exposure time. The apparent rate constants of the 
pseudo-first-order reaction, kobs, were (2.9×10
-4 to 2.5×10-3) s-1 on CDD, ATD, and clay 
minerals and (2.5×10-6 to 9.0×10-5) s-1 on the other substrates when the concentration of 





The nitration of PAHs is catalysed by acids (Shiri et al., 2010). Thus, the surface 
acid property of mineral dust may play a role in the heterogeneous nitration of Py. The 
surface acid properties of solid catalysts, including clay minerals, can be examined using 
Fourier transform infrared spectroscopy (FT-IR) with pyridine as a probe (Parry, 1963). 
When pyridine binds to Brønsted acid sites, pyridinium ions are produced, which have an 
absorption band around 1545 cm-1. In contrast, pyridine molecules coordinated to Lewis 
acid sites have an absorption band around 1445 cm -1. The band at 1490 cm-1 is attributed 
to both molecules. The spectra of pyridine adsorbed onto some substrates (CDD, ATD, 
montmorillonites, kaolin, and saponite) have absorption bands at (1445 and 1490) cm-1, 
while no absorption band is observed around 1545 cm-1, except in the cases of kaolin and 
montmorillonite K10 (Fig. 3). This suggests that CDD and ATD, as well as clay minerals, 
have abundant acid sites, particularly Lewis acid sites. On the contrary, the spectra of the 
other substrates displayed no clear peaks, indicating that they have little to no acid sites on 
their surfaces. The largest kobs value was obtained for the reaction on montmorillonite K10, 
an acid-activated clay. These results strongly suggest that substrates showing acidic 
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surface properties have an accelerating effect on the rate of heterogeneous nitration of 




Lewis acid sites on aluminosilicates are proposed to function as electron acceptors, 
leading to the formation of aromatic radical cations via electron transfer (Laszlo, 1987; 
Soma and Soma, 1989). The radical cations of several kinds of PAHs, such as Py, perylene, 
anthracene, and benzo[a]pyrene (which form on the surface of aluminosilicates) have been 
identified by spectroscopic methods, such as electron spin resonance (ESR) (Garcia and 
Roth, 2002). These cations would couple with surface NO2 to yield NPAHs (Laszlo, 1987), 
similar to that with the nitrous acid-catalysed (NAC) nitration mechanism (Ridd, 1991). 
That is, the rate-determining step would be the subsequent addition of NO2 to the aromatic 
radical cation yielding a σ–complex (Wheland intermediate), and the deprotonation of this 
complex would constitute the final fast step that produces the nitrocompound (Fig. 4). 
Thus, the finding that the Lewis acid property of the substrates probably plays a role in 
nitration, suggests that the rapid formation of 1-NP on mineral dust is the result of NO2 





3.3.4 Atmospheric formation of hydroxynitropyrenes from a 
photochemical reaction of particle-associated 1-nitropyrene 
The 1-NP taken up by humans and animals is transformed into various 
metabolites such as hydroxynitropyrenes (OHNPs), in the presence of cytochrome P450 
enzymes (Rosser et al., 1996). Several isomers of OHNP (Fig. 5), such as 
1-hydroxy-3-nitropyrene (1-OH-3-NP), 1-hydroxy-6-nitropyrene (1-OH-6-NP), and 
1-hydroxy-8-nitropyrene (1-OH-8-NP) have also been observed on airborne particles 
(Gibson et al., 1986; Kameda et al., 2010) and on diesel exhaust particles (DEP) 
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(Schuetzle, 1983; Schuetzle et al., 1985; Manabe et al., 1985). Several studies have found 
that most OHNP isomers have lower mutagenic activity than the parent 1-NP (Rosser et al., 
1996; Manabe et al., 1985; Ball et al., 1985). Recently, however, OHNPs such as 
1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP have been found to act as endocrine disruptors: 
they act as estrogenic, anti-estrogenic, and anti-androgenic compounds (Kameda et al., 
2008; Kameda et al., 2011a) that may cause dysfunction of human and wildlife endocrine 
systems, abnormal development of reproductive systems, and immunodeficiencies. In 
view of the influence of OHNPs on human health, we need to learn more about their 
environmental concentration levels, sources, and behaviors. Therefore, the formation of 
OHNPs including 1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP from photochemical reactions 
of 1-NP was examined in laboratory experiments to clarify the occurrence of atmospheric 




Figure 6 shows a profile of an HPLC analysis with chemiluminescence detection 
(HPLC/CLD) for the products from photoreactions of 1-NP in methanol. Five 
chromatographic peaks were observed in the chromatogram (symbolized as A, B, C, D, 
and E). The retention times of peaks B, C, D, and E were the same as those of authentic 
1-OH-6-NP, 1-OH-8-NP, 1-OH-3-NP, and 1-OH-2-NP, respectively. When analyzed by 
LC/MS/MS, a fraction containing the photo-reaction products also yielded five peaks. By 
comparing the retention times and the MS/MS spectra of these peaks with those of the 
authentic standards, four known OHNPs (1-OH-2-NP, 1-OH-3-NP, 1-OH-6-NP, and 
1-OH-8-NP) were identified. For these compounds, the molecule-related ion m/z 262 
([M-H]-) together with the characteristic fragment ions m/z 232 ([M-H-NO]-) and 216 
([M-H-NO2]
-) were detected in a full scan analysis. In the study, and for the first time, 
1-OH-3-NP, 1-OH-6-NP, and 1-OH-8-NP were found in 1-NP photoreaction products. 
The unknown compound that was observed in the HPLC/CLD chromatogram was also 
observed in the LC/MS/MS analysis. This compound also gave a characteristic MS/MS 
spectrum with a molecule-related ion m/z 262 and fragment ions m/z 232 and m/z 216. The 
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similarity between the fragmentation patterns of the unknown compound and known 
OHNPs, indicates that the unknown compound is an isomer of OHNP. The structure of the 
unknown compound obtained by the preparative scale photoreaction was then determined 
by analysis of its 1H-NMR spectrum. On the basis of chemical shifts and coupling patterns, 





All the OHNP isomers, which were found in the 1-NP photo-reaction products, 
were also identified in ambient airborne particles collected at a typical residential area in 
Osaka, Japan. In contrast, 1-OH-2-NP and 1-OH-5-NP were not found in Standard 
Reference Materials (SRM) 1650b and SRM 1975, which are typical DEP samples. The 
concentrations of the other OHNP isomers in the DEP samples were much lower than the 
concentration of 1-NP. On the other hand, significantly higher concentration ratios of 
ΣOHNP (= 1-OH-3-NP + 1-OH-6-NP + 1-OH-8-NP) to 1-NP were observed in ambient 
airborne particles than in the DEP samples. In ambient airborne particles, the mean 
ΣOHNP/1-NP concentration ratio of 1.4 was 35 times higher than that in SRM 1650b, and 
470 times higher than that in SRM 1975. The diurnal concentration of 1-NP observed at 
the site in Osaka, increased early in the morning and late in the evening, suggesting that 
automotive emissions contributed to the occurrence of 1-NP. The OHNP concentrations 
also rose in the morning and variations of OHNP concentrations similar to those of 1-NP 
were observed during the daytime. However, the concentrations of OHNPs did not 
increase in the evening rush hour, and were low at night (i.e., in the absence of sunlight). 
These results support the idea that atmospheric OHNPs are predominantly formed via 
secondary formation processes; photochemical reactions of 1-NP are expected to have a 
significant effect on the occurrence of OHNPs in the atmosphere. 
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3.3.5 Photochemical decomposition of selected nitro- and 
oxy-polycyclic aromatic hydrocarbons on airborne particles 
under simulated solar UV-irradiation 
As in the case of 1-NP, photo-induced decomposition is a dominant pathway for 
the degradation of particle-associated PAH derivatives (Finlayson-Pitts and Pitts, 2000; 
Kamens et al., 1988). Solar radiation in the UV spectral region can modify PAH 
derivatives to form new compounds that may exhibit different types of biological effects. 
These might include the disruption of endocrine systems and the production of reactive 
oxygen species (ROS) in the human body (Chung et al., 2007). Thus, it is necessary to 
understand the photodecomposition of PAH derivatives in order to understand their effects 
on humans. However, the rate constants and the quantum yields related to the photolysis 
of the derivatized PAHs, which are the most significant factors for photodecomposition, 
have not been studied well. Thus, photodecomposition experiments for selected OPAHs 
and NPAHs, including 3-nitrobenzanthrone (3-NBA) a nitrated aromatic ketone that is 
strongly mutagenic (Enya et al., 1997), were conducted on a glass surface. With this as a 
simple model of airborne particles, the photolysis rate constants and the quantum yields 
for the PAH derivatives in the system were determined (Kameda et al., 2009). Furthermore, 
the atmospheric lifetime of the compounds due to photodecomposition was estimated 
using the actinic flux on the Earth’s surface, photolysis rate constants, and quantum yields 
obtained in the study. 
The highest photolysis rate constant was observed for 9-nitroanthracene (9-NA), 
while 4-nitropyrene (4-NP) and 3-NBA were found to be the most stable of the nitrated 
compounds under UV-irradiation (Table 2). It is hypothesized that photoreactivity of 
NPAHs is governed by the orientation of the nitro group; i.e. NPAHs having nitro groups 
perpendicular to the aromatic ring are more easily photodecomposed than those having 
parallel ones (Yang et al., 1994; Warner et al., 2004). The fast photodegradations observed 
for 9-NA, 6-nitrobenzo[a]pyrene (6-NBaP), and 7-nitrobenz[a]anthracene (7-NBaA), 
which all have a perpendicular nitro group, were consistent with this hypothesis (Fig. 7). 
The photoreaction products of NPAHs were reported to include quinoid PAHs (Warner et 
al., 2004), as well as photoreaction products of PAHs. Benzo[c]phenanthrene-5,6-quinone 
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(BcP-5,6-Q), which has a similar photolysis rate constant to 9-nitrophenanthrene (9-NPh), 
degraded the fastest of the seven OPAHs tested. Of all the substituted PAHs examined in 
the study, 1,2-benzanthraquinone (1,2-BAQ) was most resistant to photodecomposition. 
Although previous studies on the photostability of OPAHs were quite limited, Cvrčková 
and Ciganek (2005) reported that 9,10-phenanthraquinone (9,10-PQ) was less stable than 





The photolysis rate constants of the compounds tested under solar irradiation were 
estimated based on the actinic flux at the Earth’s surface (Demerjian et al., 1980) and on 
the quantum yields obtained in the study. Atmospheric lifetimes of the compounds due to 
photodecomposition were calculated to be 0.5–22 h for NPAHs and 4.5–35 h for OPAHs 
using the obtained photolysis rate constants. OPAHs were found to be more stable against 
photo-irradiation than were NPAHs. This finding indicates that the risk induced by 
OPAHs is critical for human health, because we may be continuously exposed to OPAHs 
due to their longer residence time in the atmosphere. Recently, it has been found that ROS, 
which can cause severe oxidative stress connected with inflammatory processes, is 
produced in larger amounts via chain reactions induced by quinoid PAHs in the human 
body (Chung et al., 2007). Further studies on the biological effects, and on the 
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Table 1. Observed pseudo-first order rate constants for the reaction of Py on the substrates 
examined in this study with 3 ppmv NO2 (kobs), percentage of degraded Py (DPy), and yields of 
1-NP (Y1-NP) (Reproduced from Kameda et al., 2016). 
* Errors represent one standard error derived from nonlinear least-squares fitting for the Py decay 
plots. 
† Obtained from reactions for 2 h. 
‡ Reaction time, 12 h; +, yes; -, no. 
§ Note that kaolin consists largely of kaolinite. 
|| Acid-activated montmorillonite. 
# As a control. 
 
Substrates kobs × 105 (s-1) *  DPy (%) † Y1-NP (%) † DNP formation ‡ 
Chinese desert dust (CDD) 86 ± 4 96  53  + 
Arizona test dust (ATD) 36 ± 1 88  58  + 
Kaolin § 110 ± 10  98  60  + 
Montmorillonite A  53 ± 5  95  89  + 
Montmorillonite B 29 ± 4 84  79  + 
Saponite 39 ± 3  82  73  - 
Potassium feldspar 1.1 ± 0.2  14  10  - 
Sodium feldspar 0.30 ± 0.06  12  6  - 
Feldspar 0.86 ± 0.14  17  4  - 
Limestone 1.4 ± 0.1  18  5  - 
Dolomite 0.83 ± 0.15  16  4  - 
Calcium sulfate 1.5 ± 0.5  6  0  - 
Quartz 1.7 ± 0.1  9  5  - 
Aluminum oxide 0.25 ± 0.00  2  1  - 
Iron (III) oxide 9.0 ± 3.3  17  0  - 
Titanium (IV) oxide 1.4 ± 0.0  14  3  - 
Montmorillonite K10 || 250 ± 20  100  6  + 
Graphite # 1.9 ± 0.1  9  1  - 
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Table 2. Quantum yield, photolysis rate constant, and estimated lifetime of the PAH 
derivatives on the Earth's surface (Reproduced in part from Kameda et al., 2009). See Fig. 7 
for compound abbreviations.  
 
    
Compound  Photolysis rate constant (s-1) Lifetime (h) 
BaP 2.22×10-5 74.6  
BkF 9.89×10-6 125.3  
1-OHPyr 2.38×10-4 9.3  
1,3-DNP 8.15×10-5 15.3  
1,6-DNP 1.75×10-4 7.6  
1,8-DNP 2.23×10-4 5.8  
1-NP 7.85×10-5 17.8  
1-NPer 1.42×10-3 1.0  
2-NA 1.01×10-3 1.6  
2-NF 3.26×10-4 6.6  
2-NFR 1.05×10-4 17.4  
2-NTP 1.02×10-4 21.1  
3-NBA 5.23×10-5 22.2  
3-NFR 8.56×10-5 17.8  
3-NPer 1.65×10-4 9.9  
4-NP 7.31×10-5 21.5  
6-NBaP 1.38×10-3 1.0  
6-NC 5.93×10-4 2.8  
7-NBaA 2.12×10-3 0.9  
9-NA 3.15×10-3 0.5  
9-NPh 4.79×10-4 4.3  
1,2-BAQ 4.74×10-5 34.9  
1,4-CQ 7.63×10-5 15.8  
5,6-CQ 9.86×10-5 11.6  
9,10-PQ 2.23×10-4 7.1  
AcQ 2.35×10-4 7.0  
AQ 8.38×10-5 22.7  




Figure 1. A schematic for the formation of 2-NTP from OH or NO3 radical-initiated 
reactions of triphenylene (Kameda, 2011). [Reproduced with permission from Journal of 
Health Science Vol. 57 No. 6. Copyright 2011 The Pharmaceutical Society of Japan]   
Figure 2: Concentrations of Py and nitropyrenes (1-NP and DNPs) on quartz (a) and CDD 
(b) (expressed as a percent of the initial Py concentration) after exposure to 3 ppmv NO2 for 
the indicated times (Reproduced from Kameda et al., 2016). The data points represent mean 
values (± 1 SD) of triplicate experiments: circles, Py; squares, 1-NP; diamonds, DNPs (= 
1,3-DNP + 1,6-DNP + 1,8-DNP). The curves for Py decay are exponential nonlinear 
least-squares fits assuming first-order reactions. The curves for nitropyrene formation are for 
illustrative purposes only. 
Figure 3: IR spectra of pyridine adsorbed on the substrates examined in the study 
(Reproduced from Kameda et al., 2016). 
Figure 4: Proposed mechanisms for the nitration of aromatic compounds (ArH) on the 
acidic surface of mineral dust (Reproduced from Kameda et al., 2016). (a) Schematic 
illustration of the heterogeneous nitration. The gas-particle interface is divided into a 
gas-phase with gaseous NO2 (NO2(g)), a sorption layer with adsorbed NO2 (NO2(s)), a 
quasi-static surface layer with the aromatic radical cation (ArH+ •), and a particle bulk. The 
blue arrow indicates the adsorption and desorption fluxes of NO2. The red and purple arrows 
indicate chemical reactions and electron transfer, respectively. This heterogeneous chemistry 
is based on the Pöschl-Rudich-Ammann (PRA) framework (Shiraiwa et al., 2009). (b) 
Chemical reaction scheme of the nitroaromatic compound (ArNO2) formation on Lewis acid 
sites of the dust surface (DS+). 
Figure 5. Structure of hydroxynitropyrene. 
Figure 6. Chromatograms of standard OHNPs (a) and photoreaction products of 1-NP (b) 
obtained by the HPLC-chemiluminescence detection system (Kameda, 2011). [Reproduced 
with permission from Journal of Health Science Vol. 57 No. 6. Copyright 2011 The 
Pharmaceutical Society of Japan] 
Figure 7. Structures of PAH derivatives examined in the photodecomposition experiment.
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